Dysfunctional mitochondria and generation of reactive oxygen species (ROS) promote chronic diseases, which have spurred interest in the molecular mechanisms underlying these conditions. Previously, we have demonstrated that disruption of post-translational modification of proteins with ␤-linked N-acetylglucosamine (O-GlcNAcylation) via overexpression of the O-GlcNAc-regulating enzymes O-GlcNAc transferase (OGT) or O-GlcNAcase (OGA) impairs mitochondrial function. Here, we report that sustained alterations in O-GlcNAcylation either by pharmacological or genetic manipulation also alter metabolic function. Sustained O-GlcNAc elevation in SH-SY5Y neuroblastoma cells increased OGA expression and reduced cellular respiration and ROS generation. Cells with elevated O-GlcNAc levels had elongated mitochondria and increased mitochondrial membrane potential, and RNA-sequencing analysis indicated transcriptome reprogramming and down-regulation of the NRF2-mediated antioxidant response. Sustained O-GlcNAcylation in mouse brain and liver validated the metabolic phenotypes observed in the cells, and OGT knockdown in the liver elevated ROS levels, impaired respiration, and increased the NRF2 antioxidant response. Moreover, elevated O-GlcNAc levels promoted weight loss and lowered respiration in mice and skewed the mice toward carbohydrate-dependent metabolism as determined by indirect calorimetry. In summary, sustained elevation in O-GlcNAcylation coupled with increased OGA expression reprograms energy metabolism, a finding that has potential implications for the etiology, development, and management of metabolic diseases.
Chronically impaired mitochondrial respiration and uncontrolled reactive oxygen species (ROS) 2 generation contribute to complex chronic diseases (1) . Interventions that improve mitochondrial function and reduce uncontrolled ROS production will have widespread clinical applications in the treatment of chronic disease. Prolonged treatment with glucosamine (GlcN), a common amino-sugar, improved mitochondrial function and extended the life span in both Caenorhabditis. elegans and mice. GlcN treatment increased mitochondrial respiration and transiently induced mitochondrial ROS generation followed by a significant reduction in ROS (2) . The initial transient ROS induction promotes mitochondrial biogenesis and improves anti-oxidant response resulting in life-span extension (2) . Of note, GlcN feeds into the hexosamine biosynthetic pathway (HBP) after the pathway rate-limiting enzyme glutamine fructose-6-phosphate aminotransferase 1 (GFAT) leading to increased O-GlcNAcylation; thus, we hypothesize that O-GlcNAc regulates mitochondrial function, the oxidative stress response, and can influence chronic disease progression.
O-GlcNAcylation is the addition of a single O-linked ␤-D-Nacetylglucosamine sugar moiety to serine or threonine residues in nuclear, cytoplasmic, and mitochondrial proteins (3) . O-GlcNAcylation is facilitated by two functionally opposing enzymes, O-GlcNAc transferase (OGT) catalyzes the addition of O-GlcNAc and O-GlcNAcase (OGA) hydrolyzes the modification (3) . During catalysis, OGT uses the nucleotide sugar UDP-GlcNAc generated from the HBP. GlcN feeds into the HBP downstream of GFAT1 and increases cellular O-GlcNAcylation by elevating the synthesis of UDP-GlcNAc (4) . Therefore, GlcN influence on mitochondrial function and life-span extension could be mediated by O-GlcNAc. Because UDP-GlcNAc synthesis relies on the integration of multiple metabolic pathways, O-GlcNAcylation can sense changes in nutrients (5) . Importantly, chronic disruptions in O-GlcNAcylation due to nutrient imbalance influence metabolic diseases (6, 7) .
O-GlcNAc is a key regulator of mitochondrial function (8, 9) . Both OGT (8) and OGA localize to the mitochondria (10) , and the pyrimidine nucleotide carrier 1 (PNC1) transports UDP-GlcNAc into the mitochondria providing substrate for OGT (10) . Several electron transport chain (ETC) subunits are modified by O-GlcNAc (11) suggesting that O-GlcNAc modulates ETC activity. For example, short-term high-glucose treatment elevates O-GlcNAcylation but suppresses ETC activity and ATP production in rat cardiomyocytes (12) ; however, short-term OGA inhibition in rats increased oxygen consumption in isolated mitochondria (11) . OGT or OGA overexpression in SH-SY5Y neuroblastoma cells alters the mitochondrial proteome, including several TCA cycles and ETC proteins (9) . The loss of ETC protein expression adversely affected mitochondrial shape and impaired respiration. These data indicate O-GlcNAc is essential for the proper regulation of mitochondrial function and energy metabolism.
Here, we report that increasing O-GlcNAcylation in cell lines and mice by inhibiting OGA or with GlcN supplementation reprograms mitochondrial function and changes energy metabolism. Sustained elevation in O-GlcNAc lowered respiration and reduced ROS generation. These changes were followed by transcriptional reprogramming of the proteome and a decrease in the transcription factor nuclear factor (erythroidderived)-like 2 (NRF2)-mediated oxidative stress response. In contrast, OGT liver knockdown severely impaired mitochondrial function, increased ROS levels, and activated the NRF2 antioxidant response. Together, these data demonstrate distinct roles for O-GlcNAc in modulating mitochondrial function and provide new insights into how pharmacological targeting of O-GlcNAc protects against aging and metabolic diseases.
Results

Thiamet-G (TMG) or glucosamine (GlcN) treatment alters mitochondrial bioenergetic capacity
Prolonged treatment with GlcN improves mitochondrial function and extends the life span in both C. elegans and mice (2) . We hypothesized that sustained elevation of O-GlcNAcylation would alter energy metabolism. To determine how O-GlcNAcylation affects energy metabolism, we treated SH-SY5Y neuroblastoma cells with either TMG (10 M) or GlcN (0.35 mM) for at least 3 weeks prior to harvesting these cells. TMG is a highly selective OGA inhibitor (13) , whereas GlcN feeds into the hexosamine biosynthetic pathway after GFAT1 increasing cellular pools of UDP-GlcNAc (4) . In contrast to GlcN, which can influence a variety of metabolic pathways, TMG precisely manipulates O-GlcNAcylation by targeting only OGA.
Both TMG-and GlcN-treated SH-SY5Y cells increased total and mitochondrial O-GlcNAc levels (Fig. 1, a and b) . Although not significant, OGT protein and transcript levels were trending lower; while OGA protein and transcript levels were significantly increased in response to elevated O-GlcNAcylation (Fig. 1, a and  d) (14) . GFAT1 protein level was decreased in TMG-treated cells (Fig. 1a ). OGA-specific activity was increased in GlcN-treated SH-SY5Y cells (Fig. 1e ). Similar results were found in NT2 human teratocarcinoma cells treated with TMG or GlcN (Fig. 1c ).
Prolonged elevation of O-GlcNAc altered cellular respiration in SH-SY5Y cells ( Fig. 2a ). TMG lowered baseline oxygen consumption rates (OCR), whereas GlcN increased baseline OCR (Fig. 2b) . Under basal conditions, in vivo ATP production was lower in the presence of TMG-but higher in GlcN-treated cells ( Fig. 2f ). Neither treatment affected the proton leak rate (Fig.  2c ). The maximum respiratory rate was increased in GlcN cells, whereas TMG was similar to control cells ( Fig. 2d ). SH-SY5Y cells grown in oxidative media regardless of TMG or GlcN treatment have no reserve capacity ( Fig. 2e) , showing that these cells were respiring at their maximum capacity. To eliminate any cell type-specific effects, we performed the respiration assays in NT2 cells. TMG-treated NT2 cells replicated the data from SH-SY5Y cells (Fig. 2 , i-n). In NT2 cells, GlcN-treated mirrored the TMG-treated results from SH-SY5Y/NT2 cells showing lower respiration rates ( Fig. 2 , i-n). NT2 cell mitochondria had much more reserve capacity than the SH-SY5Y cells suggesting that these cells were not respiring at a maximal rate. The total cellular ATP levels in both TMG-and GlcN-treated SH-SY5Y cells and in TMG-treated NT2 cells were lower ( Fig. 2 , g and o). TMG treatment caused both SH-SY5Y and NT2 cells to produce significantly less ATP. Likely, GlcN-treated SH-SY5Y cells produced and consumed more energy due to increased phosphorylation of GlcN to GlcN-6-P by hexose kinase (4) .
Because oxidative phosphorylation and glycolysis are interdependent energy-producing pathways (15) , we examined glycolytic energy production by measuring cellular glycolytic flux. Both TMG-and GlcN-treated SH-SY5Y cells had lower basal glycolytic rates (Fig. 2h ), and TMG-treated NT2 cells had a lower basal glycolytic rate. GlcN-treated NT2 cells showed no changes ( Fig. 2p ).
TMG or GlcN treatment increased complex I and complex IV activity and elevated cellular NAD ؉ /NADH ratio
Because prolonged TMG treatment lowered cellular respiration, we postulated that the ETC complex activity was lower; however, mitochondria isolated from both TMG-and GlcNtreated SH-SY5Y cells had increased complex I activity ( Fig.  3a ). TMG also elevated complex IV activity ( Fig. 3 
, b-d).
Because isolated ETC complex activity did not correspond to the in vitro respiration measurements, we considered whether the observed decrease in OCR was due to reduced concentration of NADH available for respiration. The NAD ϩ concentration was elevated in TMG but reduced in GlcNtreated SH-SY5Y cells ( Fig. 3e ), whereas the NADH concentration was decreased in both TMG-and GlcN-treated SH-SY5Y cells (Fig. 3f ). The NAD ϩ and NADH ratio skewed toward NAD ϩ for both TMG-and GlcN-treated cells (Fig. 3g ). To ascertain whether altered cellular respiration was due to changes in mitochondrial membrane potential, we probed for mitochondrial membrane polarization differences in TMG-or GlcN-treated SH-SY5Y cells. TMG significantly enhanced mitochondrial hyperpolarization ( Fig. 3h ).
Prolonged TMG or GlcN treatment promotes longer mitochondria
To assess whether mitochondrial morphology was changed in TMG-or GlcN-treated SH-SY5Y cells, we used transmission O-GlcNAc reprograms cellular energetics electron microscopy to visualize the mitochondria. The approximate average length of mitochondria from both treated cells was longer compared with control cells (Fig. 3 , i and j). A typical length of a mitochondrion ranges from ϳ0.5 to 2 m (16). We found that both treatments increased the percentage of mitochondria that were longer than 2 m ( Fig. 3k ). Confocal imaging data agreed with the electron microscopy data showing longer mitochondria in TMG-or GlcN-treated cells (Fig. 3l ). Next, we measured the proteins involved in regulating mitochondrial fission and fusion. Mitofusin 1 (MFN1), mitofusin 2 (MFN2), and dynamin-like proteins (DLP1), which facilitate mitochondrial fusion and fission, were lower in TMG-treated cells; however, GlcN treatment increased the DLP1 protein levels, whereas MFN1 and MFN2 levels were unaffected ( Fig. 3m ).
Prolonged TMG or GlcN altered the transcriptome
We considered whether the observed mitochondrial changes were mediated by alterations in the transcriptome. Our Next Generation RNA-sequencing (RNA-seq) analysis found 8793 genes in TMG-or GlcN-treated SH-SY5Y cells with high sequencing counts (cpm of Ͼ10 in at least two samples) ( Fig. 4 , a-c, and supplemental Table S1 ; RNA-seq data are available on the Gene Expression Omnibus). A total of 240 genes for TMG treatment and 48 genes for GlcN treatment were elevated, whereas 152 genes for TMG treatment and 257 genes for GlcN treatment were reduced (p value Ͻ 0.01) ( Fig. 4d ). Among these genes, 230 genes from TMG and 48 genes from GlcN treatment were increased 1.5-fold or more, whereas 149 genes from TMG and 257 genes from GlcN decreased 1.5-fold or more ( Fig. 4d ). The tissue factor pathway inhibitor 2 (TFPI2), guanine nucleotide-binding protein, ␥ subunit 1 (GNG1), activating transcription factor 4 (ATF4), and insulin-like growth factor 2 (IGF2) were selected for orthogonal validation and agreed with the RNA sequencing results (Fig. 4 , e and f). As a positive control ( Fig. 1d ), the RNA-seq data showed that OGA (MGEA5) gene expression was increased in both TMG and GlcN treatment (supplemental Tables S2 and S3 ) (14) . Using gene set enrichment analysis (GSEA) (17) to compare TMG-treated with control gene expression data sets, we identified genes from 
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the insulin-signaling pathway, aging, and cancer metastasis enriched in prolonged TMG-treated cells ( Fig. 4 , g-i, and supplemental Table S4 ). These data suggested that prolonged O-GlcNAc elevation modulates the progression of chronic metabolic disease.
NRF2-mediated oxidative stress response was down-regulated
To define biological functions of the altered genes, we performed Ingenuity Pathway Analysis (IPA). A stringent threshold (cpm of Ͼ100) was applied to the gene set to prevent false positives. 22 canonical pathways for TMG-treated ( Fig. 5a ) and b, basal respiration; c, leak rate; d, maximal respiration rate; e, reserve capacity rate; and f, ATP production rate in O-GlcNAc elevated SH-SY5Y cells were determined using XF24 analyzer (average Ϯ S.E., n ϭ 6). g, relative ATP level representative plot (average Ϯ S.E., n ϭ 4) showed both TMG-(10 M) and GlcN (0.35 mM)-treated SH-SY5Y cells maintained at low cellular ATP levels. Displayed relative ATP levels were average value of each replicated result normalized with their control. h, ECAR was measured using XF24 analyzer (average Ϯ S.E., n ϭ 6). i, bioenergetics profile of NT2 cells; j, basal respiration rate; k, leak rate; l, maximal respiration rate; m, reserve capacity rate; and n, ATP production rate (average Ϯ S.E., n ϭ 6). 26 canonical pathways for GlcN-treated cells ( Fig. 5b ) were identified (supplemental Table S5 ). 13 pathways overlapped in both TMG and GlcN-treated cells and changed in the same predicted manner (see Fig. 5 , a and b). Interestingly, the NRF2mediated oxidative stress response was identified as down-regulated in both TMG-and GlcN-treated SH-SY5Y cells. These data suggest that both TMG and GlcN treatments could modulate ROS levels.
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Prolonged TMG-or GlcN-treated cells generated less ROS
TMG or GlcN could affect cellular ROS levels, including reactive nitrogen species (RNS), hydroxyl radical (OH ⅐ ), hydrogen peroxide (H 2 O 2 ), and superoxide (O 2 . ) ( Fig. 6a ). Total ROS (RNS ⅐ , OH ⅐ , and H 2 O 2 ) was reduced in both TMG-and GlcNtreated SH-SY5Y cells ( Fig. 6b ). Superoxide levels were reduced in TMG-treated cells ( Fig. 6c ). Total ROS and superoxide levels were lower in TMG-treated NT2 cells, whereas GlcN-treated NT2 cells trended lower ( Fig. 6, d and e ). Because NADPH oxidase is a major source of cytoplasmic ROS (18), we measured and found that both TMG and GlcN treatments decreased NADPH oxidase protein levels in SH-SY5Y cells ( Fig. 6f ). Together, these data indicated that prolonged elevations of O-GlcNAcylation suppress ROS production.
O-GlcNAc regulates NRF2 function
We hypothesized that O-GlcNAc could be directly modulating NRF2 function. TMG treatment lowered NRF2 protein and NRF2 transcript levels ( Fig. 7, a and b) . Additionally, TMG treatment lowered the NRF2 target gene thioredoxin reductase 1 (TXNRD1) transcript level ( Fig. 7c ) and reduced superoxide dismutase 1 (SOD1) and thioredoxin (TXN) protein levels ( Fig. 7d ). However, TXNRD1 and peroxidase 1 (PRX1) protein expression was not altered (Fig. 7e ). Interestingly, both TMG and GlcN treatments increased NRF2 O-GlcNAcylation (Fig. 7f ).
Because O-GlcNAcylation of transcription factors influences their cytolocalization (19) , we fractionated the nuclear extract from the cytoplasm, and we found increased O-GlcNAcylation did not alter the nuclear-NRF2 protein levels ( Fig. 7g ). Because O-GlcNAcylation can promote protein stability (20, 21) , we pretreated SH-SY5Y cells with cycloheximide (CHX) to inhibit protein translation (22) and harvested the cells at different time points after CHX treatment. We observed no change in NRF2 protein levels in O-GlcNAc-elevated cells between 0 h and up to 6 h after CHX treatment in relation to control cells (Fig. 7h ). The NRF2-binding partner KEAP1-E3-ligase complex (Kelch-like ECH associated protein 1) promotes degradation of the transcription factor. However, KEAP1 protein levels did not change after TMG and GlcN treatment ( Fig. 7i ), suggesting that the TMGmediated decrease in NRF2 protein levels was not due to altered stability of the protein but due to the decrease in the transcript.
MnSOD, a non-NRF2 controlled antioxidant enzyme, is a major antioxidant enzyme present in mitochondria and is essential for the removal of superoxide generated by the ETC complexes (23) . MnSOD protein level was decreased in both TMG-and GlcN-treated SH-SY5Y cells ( Fig. 7j ). Because several antioxidant response pathways were down-regulated with TMG and GlcN treatment, we treated SH-SY5Y cells with 50 or 100 M H 2 O 2 for upwards of 7 h to induce oxidative stress (24) , and we measured cell viability. TMG increased cell viability in 100 M H 2 O 2 (Fig. 7k ). The total O-GlcNAcylation level was robustly increased after oxidative stress induction in control cells (Fig. 7l ), and the apoptosis marker, cleaved poly(ADP-ribose) polymerase (PARP) protein, was increased after oxidative stress (Fig. 7l ). Catalase, TXNRD1, PRDX1, and TXN protein levels were not significantly altered ( Fig. 7l ). Likely, the increased cell viability in TMG-treated cells was due to increased O-GlcNAcylation mediating other stress-response pathways (25) .
Prolonged elevations of O-GlcNAcylation decreased mitochondrial respiration and ROS generation in mouse tissue
Because long-term TMG treatment reduced mitochondrial respiration in cell lines, we asked the questions whether TMGtreated mice replicated the cell line data. We intraperitoneally injected TMG into C57B6J mice at a concentration of 50 mg/kg (13) every other day for up to 15 days prior to sacrificing the animals. Liver and brain tissues were then used for subsequent experiments (Fig. 8a ). TMG robustly elevated brain O-GlcNAcylation and OGA expression and reduced OGT protein levels ( Fig. 8b) . Similar results were obtained in the livers of TMG-treated mice ( Fig. 8c ).
Next, we purified and pooled mitochondria from four TMG and four control mouse brains and performed ex vivo respiration assays (26) . TMG lowered basal respiration (basal, in the presence of substrate but no ADP) as well as phospho-relating respiration (State 3, ϩ ADP), resting respiration (State 4 0 , proton leak rate, ϩ oligomycin), and uncoupled respiration (State 3 u , maximal respiratory rate, ϩ FCCP). Anoxic respiration (ϩ antimycin A) was the same between control and TMG-treated mouse brain ( Fig. 8d ). TMG reduced liver mitochondrial respiration of State 3 and State 4 0 (Fig. 8e ). The superoxide level was lower in TMG-treated brain ( Fig. 8f ) and liver ( Fig. 8g ). Brain NRF2 and TXN protein level was decreased in TMGinjected mice (Fig. 8 , h and i). Sustained inhibition of OGA in mouse brain and liver tissue replicated the data from cell lines suggesting that the metabolic changes seen with TMG were independent of cell type and were an adaptive mechanism to OGA inhibition. , citrate synthase (CS) activity after being normalized with total protein concentration (c), and COXIV V max normalized with CS activity (average Ϯ S.E., n ϭ 3) (d). e-g, NAD ϩ (e) and NADH levels (f) were altered NAD ϩ /NADH ratio (average Ϯ S.E., n ϭ 4) (g) normalized with protein concentration. h, membrane potential was measured using JC-1 (average Ϯ S.E., n ϭ 3). i, transmission electron microscopy. j, mitochondria lengths (average Ϯ S.E., n ϭ 120) were measured; k, percentage of mitochondria longer than 2 m was calculated. l, confocal staining with TOM20. m, mitofusin 1 (MFN1), mitofusin 2 (MFN2), and dynamin-like protein (DLP1) protein levels. Protein levels were first normalized to actin level and then normalized to control cells (n ϭ 3). * indicates significance p Ͻ 0.05. ** indicates significance p Ͻ 0.01. *** indicates significance p Ͻ 0.001. WB, Western blotting.
O-GlcNAc reprograms cellular energetics OGT knockdown impaired mitochondrial respiration and increased ROS generation in mouse liver
To understand how the loss of OGT affects cellular energetics, we generated conditional OGT liver knock-out C57B6J mice by intraperitoneal injection of the AVV-GFP-Cre virus. Fifteen days after viral injection, liver tissue was harvested ( Fig.  9a ). Liver O-GlcNAcylation and OGT protein levels were reduced ( Fig. 9b ). OGT knockdown decreased ex vivo basal liver respiration, as well as State 3, State 4 0 , and State 3 u . No difference was measured in anoxic respiration (Fig. 9c ). In contrast to TMG treatment, the mitochondrial superoxide levels in the OGT knockdown mouse livers were increased ( Fig. 9d ). NRF2 protein level and its targeted gene TXN were elevated in OGT knockdown livers ( Fig. 9 , e-g).
Prolonged O-GlcNAc elevation promoted weight loss, including reduction of lean mass, free fat mass, and water mass
Next, we determined whether long-term elevation of O-GlcNAc altered whole-body composition. Total body weight of TMG-treated mice was lower after the 2-week treatment period (supplemental Table S6 ); however, control mice gained weight ( Fig. 10a ). TMG treatment resulted in a reduction in 
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lean mass percentage compared with control mice (Fig. 10b ). Although we did not find a significant difference in the body fat mass percentage (Fig. 10c ), the free fat mass percentage (all other mass other than fat mass) in TMG-treated mice was lower ( Fig. 10d ). Furthermore, TMG treatment reduced body water mass percentage ( Fig. 10e ).
Long-term TMG treatment lowered energy expenditure and oxygen consumption, skewing mice toward carbohydrate metabolism
Because TMG down-regulated mitochondrial respiration and reduced free fat mass body composition, we postulated that the whole-body energy metabolism of the TMG-treated mice would be altered. A 2-week TMG treatment reduced total energy expenditure (EE) and resting EE at nighttime (most active) ( Fig. 11, a and b) , but no changes were measured during the daytime (less active) (Fig. 11, c and d) . When these mice entered the night cycle, the average EE pattern of TMG-treated mice was higher and then declined back to control levels when they re-entered the light cycle (Fig. 11e ). The energy balance in TMG-treated mice (calories left over from food consumption) was not changed during the light or night cycles (Fig. 11 , f and g). 
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TMG treatment resulted in a significantly lower OCR especially during the nighttime (O 2 consumption and CO 2 elimination, Fig. 11 , h and i). The OCR was not changed significantly during daytime (Fig. 11, j and k) . The respiratory exchange ratio (RER, ratio of whole-body CO 2 production to O 2 consumption) determines the relative contribution of carbohydrates and lipids to overall energy expenditure (27) . The average RER in TMG-treated mice was increased during either the daytime (Fig. 11l ) or nighttime ( Fig. 11m ) cycle but not significantly. However, basal RER during the daytime cycle was increased in the TMG-treated mice (Fig. 11n ). The hourly RER at day 15 following TMG injection was higher during the daytime cycle in TMG-treated mice, whereas nighttime RER in both control and TMG-treated animals were equivalent. Again, when TMGtreated mice re-entered the light cycle, their average hourly RER remained significantly higher compared with control mice (Fig. 11o ). These data showed that TMG-treated mice utilized carbohydrates as their predominant source for energy throughout a 24-h cycle, even during the inactive daytime cycle when lipid oxidation is preferred.
TMG-treated mice were less active than control mice
Next, we assessed the physical activity of the TMG-treated mice. During the nighttime, TMG-treated mice had less x, y, and z axis beam break activity (Fig. 12, a and b ) and total activity (sum of x and y axis beam breaks) compared with control mice (Fig. 12c ). No changes between TMG-and saline-treated mice during the daytime cycle were found (Fig. 12, d and b) . Although locomotion speed was unchanged ( Fig. 12e ), TMGtreated mice walked a significantly shorter distance than control mice during the nighttime cycle (Fig. 12f ). The distance traveled during the daytime cycle was not different (Fig. 12g ). Finally, TMG treatment increased the sleep duration during the nighttime cycle compared with saline-treated mice (Fig. 12h ), but no change in sleep duration was measured during the daytime cycle (Fig. 12i ).
Discussion
Our data demonstrate a fundamental role for O-GlcNAcylation in regulating mitochondrial function and wholebody energy metabolism. GlcN supplementation increased O-GlcNAcylation and induced a phenotype of increased mitochondrial respiration in SH-SY5Y cells and reduced ROS production. In contrast to GlcN, TMG-treated cells (SH-SY5Y or NT2) or mice became less ETC-dependent maintaining lower oxygen consumption rates due to reduced respiration. Prolonged TMG-treated animals shifted their metabolism toward carbohydrate utilization and reduced their physical activity. The decreased respiration caused by prolonged TMG treatment did not impair mitochondrial function because less ROS is generated. Loss of O-GlcNAcylation by liver-specific OGT knockdown lowered and impaired mitochondrial respiration, robustly elevating superoxide levels. Importantly, these results support O-GlcNAcylation in maintaining proper mitochondrial function, whereas complete loss of O-GlcNAc negatively impacts cellular energetics.
Prolonged inhibition of OGA or elevation in OGT substrate availability led to dramatic changes in mitochondrial respiration duplicating results from prolonged GlcN treatment in C. elegans and mice (2). However, genetic ablation of OGT dramatically lowers the basal level of O-GlcNAc producing severe metabolic phenotypes (28 -30) , and OGT or OGA overexpression impairs respiration (9) . Recently, RNAi-mediated knockout of the mitochondrial form of OGT (mOGT), which is only expressed in a few mammals, including primates (31), in HeLa cells caused mitochondrial fragmentation and reduced membrane potential, whereas knock-out of both mOGT and the nuclear and cytoplasmic form of OGT led to compensatory increase in mitochondrial respiration partially due to the decrease in mitochondrial content (32) . Even though TMG treatment lowered mitochondrial respiration in this study, ROS was not increased suggesting an intervention that raises both O-GlcNAc and OGA expression promotes a healthier metabolic phenotype than genetic manipulation of OGT or OGA alone.
Curiously, the metabolic effect TMG had on cells and tissue was opposite to the effects seen in several studies with the overexpression or deletion of OGT or OGA. These differences could be due to alterations in the rate of O-GlcNAc cycling. O-GlcNAc cycling is the addition followed by the removal of the modification. The rate of cycling on a given protein might be more important to the function of the protein than the addition or removal in isolation. Previously, we demonstrated that overexpression of both OGT or OGA causes the same mitotic progression phenotype and increased aneuploidy in cells (33, 34) . However, OGT overexpression increased O-GlcNAc levels, whereas OGA overexpression decreased O-GlcNAc levels; hence, how could the different changes in O-GlcNAc cause the exact same phenotype. We argued that the rate of O-GlcNAc cycling was the key determinant to the phenotypical changes, and we demonstrated that TMG treatment could reverse the mitotic phenotypes seen with OGT and OGA overexpression (34) . Both OGT and OGA overexpressions would induce an Protein levels were first normalized with loading control actin and then normalized to control samples. Transcript levels were measured by qRT-PCR and normalized to GAPDH levels. e, TXNRD1 and PRX1 protein levels in TMG-or GlcN-treated SY5Y cells. f, immunoprecipitation results showed increased NRF2 O-GlcNAcylation (n ϭ 3). g, NRF2 localization was not altered in TMG-or GlcN-treated SH-SY5Y cells. h, NRF2 protein stability after cycloheximide treatment with p53 as positive control for the treatment. Actin was used as loading control, and the protein levels were further normalized with the control. i, KEAP1 protein levels in TMG-or GlcN-treated SY5Y cells. j, mitochondrial MnSOD1 protein level is significantly decreased after TMG or GlcN treatment in SH-SY5Y cells. Cells were separated into cytoplasm and mitochondrial fractions. VDAC was used as the loading control for mitochondrial fraction, and actin was used as mitochondrial fraction negative control (average Ϯ S.E., n ϭ 3). k, cell viability plot after acute oxidative stress test in TMG-or GlcN-treated SH-SY5Y cells (average, Ϯ S.E., n ϭ 3). O-GlcNAcylation, OGA, OGT, and GAPDH (loading control) levels in TMG-treated mouse brain (b) and liver (n ϭ 6) (c). d and e, OCR profile on isolated mitochondria from long-term TMG-treated mouse brain (d) and liver (e). The assay was done using pooled mitochondria from five mice for each condition, and the results have been replicated in three independent experiments. f and g, mitochondrial superoxide level (n ϭ 6) in both TMG-treated mouse brain (f) and liver (g) showed decreased superoxide levels. h and i, NRF2 and KEAP1 (h), TXN (i), and GAPDH (loading control) levels for TMG-treated mice (n ϭ 6) are shown. Average protein level displayed was normalized to GAPDH. * indicates significance p Ͻ 0.05. ** indicates significance p Ͻ 0.01. *** indicates significance p Ͻ 0.001. WB, Western blotting. increase in O-GlcNAc cycling considering that both OGT and OGA overexpressions increase the endogenous expression of the other enzyme (33) . TMG treatment produced two unique effects. The sustained elevation in O-GlcNAc signals through a transcriptional network, possibly through the E2F transcription factors (35) , to induce the expression of OGA while inhibiting activity of OGA, which in turn slows O-GlcNAc removal. The cells have both higher O-GlcNAcylation and higher OGA expression. Cells and tissue appear to adapt their O-GlcNAc cycling rate to these changes potentially producing the metabolic and transcriptional changes seen with the sustained treatment with TMG.
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We contend that TMG and to some extent the GlcN treatment produced a two-stage adaptive process. First, total cellular and mitochondrial O-GlcNAc levels increased, promoting increased respiration (10) and signaling from the mitochondria to the nucleus via increases ROS production (36) . The initial metabolic changes from GlcN treatment in both worms and animals caused a spike in ROS production; however, ROS and ATP levels declined with sustained GlcN treatment (2) . Furthermore, many ETC complex subunits are heavily modified by O-GlcNAc (11) , and short-term elevation of O-GlcNAc increased mitochondrial respiration and ATP production in rat cardiomyocytes (10, 11) . The initial induction of respiration caused by increased O-GlcNAcylation transmits a signal to the nucleus altering gene transcription. We argue under shortterm TMG treatment the increase in O-GlcNAc levels induced OGA transcription and a rapid rise in OGA protein levels to restore the proper rate of O-GlcNAc cycling (14) . Second, under conditions of sustained OGA inhibition, elevated O-GlcNAc and OGA levels mediate the changes in the transcriptome resulting in longer mitochondria, reduced energy demand, and ROS generation. Thus, adaptation to sustained elevations in O-GlcNAc led to mitochondrial respiration decreases. The changes in respiration were due to a combination of altered gene expression and ETC function. We observed that both in vivo complex I and IV activity was increased after TMG treatment demonstrating that the decreased respiration was not solely due to ETC activity suppression. The mitochondrial membrane was hyperpolarized suggesting that the ETC was functioning at capacity; however, proton recycling from the intermembrane space into the inner mitochondrial space was decreased. Potentially, the slower proton-recycling rate was due to suppression of ATP synthase caused by a decrease in ATP synthase subunit expression (ATP6) or O-GlcNAcylation of ATP synthase subunits (11) . Certainly, identification of the mitochondrial O-GlcNAcome after sustained TMG treatment would identify ETC proteins regulated by O-GlcNAc and warrants further investigation.
Although we cannot rule out other metabolic or mitochondrial changes affecting ROS production, the combination of lower mitochondrial respiration, no change in proton leak rate, and the hyperpolarization of the mitochondrial membrane would reduce mitochondrial ROS production. Consequently, the decrease in ROS signaling led to lower expression of antioxidant response genes. Under normal conditions, the generation of mitochondrial ROS is needed to induce antioxidant and growth programs in response to changes in the environment (36) . TMG or GlcN treatment does not preclude the generation of ROS, but the basal ROS level was lowered. Because the cell did not need a robust antioxidant response, NRF2 gene programs were reduced. Under low ROS conditions, KEAP1 constantly degrades NRF2; however, elevated ROS oxidizes cysteine residues on KEAP1 leading to the release of NRF2, translocation into the nucleus, and initiation of antioxidant gene expression, including NRF2 itself. The decrease in NRF2 mRNA expression was due to long-term TMG treatment reprogramming NRF2 transcription. Interestingly, the NRF2 analogue in C. elegans is modified by O-GlcNAc, and increased NRF2 O-GlcNAcylation increased life span (37) . Although we see O-GlcNAc on NRF2, TMG treatment reduced NRF2 expression and function suggesting that the TMG-induced changes in the antioxidant response were not due to the increased O-GlcNAcylation of NRF2 but through the reduced expression of the NRF2 transcript.
Likely, the transcriptome reprogramming by TMG or GlcN treatment was due to changes in O-GlcNAc-mediated transcriptional and epigenetic regulation. O-GlcNAc not only influences chromatin but also chromatin readers, writers, and erasers, thus complicating the specific roles of long-term O-GlcNAc elevation in transcriptional reprogramming (38) . Of note, our IPA suggests that only specific gene networks were , body fat mass difference percentage (c), free fat mass difference (d), and body water mass difference percentage (n ϭ 8) (e), for mice after 2 weeks of TMG treatment (50 mg/kg). Body fat mass differences percentage were calculated from the percentage difference before and after injection (saline or TMG). Body water mass difference percentage calculated by taking the percentage of the differences of water mass before and after injection (saline or TMG).
affected by long-term increased O-GlcNAcylation and argues that the combination of elevated O-GlcNAc and OGA expression must target these networks in some manner. Future investigation into these mechanisms could lead to novel mechanistic insight into the roles of O-GlcNAc in regulating gene networks.
The cellular reprogramming caused by elevations in both O-GlcNAc and OGA has a consequence on the energetic needs of animals. TMG-treated mice shifted their energy metabolism away from fatty acid oxidation and toward carbohydrate usage.
The TMG-treated mice did not show a need for greater energy demand since sleep time was increased, movement was reduced, and energy expenditure was lower. Potentially, O-GlcNAc is impacting circadian rhythms. O-GlcNAcylation of both BMAL1 and CLOCK (key proteins of the circadian response) blocks ubiquitination and degradation of the proteins leading to increased expression of circadian genes (39) . The expression of circadian genes is tied to several metabolic processes, including insulin sensitivity (40) , which could pro- 
mote the increase in carbohydrate usage and sleep time in TMG-treated mice.
TMG treatment-induced metabolic changes in the mouse would impact chronic diseases. Previously, mitochondrial function was impaired under diabetic conditions (12, 41) with O-GlcNAc levels higher in rat diabetic cardiomyocytes without the concomitant increase in OGA expression. Importantly, adenoviral overexpression of OGA led to improved mitochondrial function and calcium handling in diabetic cardiomyocytes and improved coronary endothelial cell function in diabetic mice (42, 43) . Furthermore, OGA overexpression lowered O-GlcNAc levels and improved outcomes in mouse models of stretch-induced cardiac hypertrophy (44) . Together, these data demonstrate that sustained elevations in O-GlcNAc without the concurrent increase in OGA expression was detrimental to cells; however, cellular function could be restored with OGA overexpression.
The combination of increased O-GlcNAcylation and OGA expression could restore some metabolic function lost in chronic metabolic diseases such as Alzheimer's disease (AD). TMG and TMG derivatives are actively being investigated as potential therapeutics for AD (45) . The argument for inhibiting OGA in AD patients is that the treatment will increase O-GlcNAcylation of Tau, preventing Tau phosphorylation and subsequent Tau tangles (46 -48) . Treatment with TMG does increase Tau O-GlcNAcylation and improve outcomes in animal models of tauopathies (46) . Our data argue for additional metabolic benefits for brain health after prolonged TMG treatment. Mitochondrial dysfunction is a characteristic of AD, and the mitochondrial cascade hypothesis argues that loss of mitochondrial function over time alters metabolite production and increases the generation of ROS causing neuronal damage and cell death (49) . Screening of adult children of parents with AD demonstrates a decrease in mitochondrial function prior to the onset of any cognitive impairment or increased production of ␤-amyloid (50) . The TMG-treated animals had lower mitochondrial respiration and ROS production but with a shift toward carbohydrate usage, which could slow AD development.
Long-term TMG treatment showed no adverse effects on animal health (51) nor does TMG treatment promote insulin resistance like less selective OGA inhibitors (52, 53) . O-GlcNAcylation dampens insulin signaling by modifying several proteins in the insulin signaling pathway (54, 55) , whereas OGT can relocate to the plasma membrane after insulin induction contributing to the ablation of insulin signaling (56, 57) . O-GlcNAcylation is increased in diabetic tissue suggesting that the increase in glucose availability induces more flux through the HBP, increases O-GlcNAcylation of insulin signaling proteins, and leads to a decrease in responsiveness to insulin (58) . Yet TMG treatment of animals increases O-GlcNAc levels without producing diabetes (51) . We suggest that the combination of increased carbohydrate usage, O-GlcNAcylation, and OGA expression seen with long-term TMG treatment describes why TMG treatment does not induce diabetes and could potentially make these animals more sensitive to insulin.
In conclusion, long-term elevation in O-GlcNAcylation coupled with an increase in OGA expression modulates mitochon-drial function and reprograms the transcriptome to favor a reduction in antioxidant response while lowering ATP production. These profound changes in metabolism caused mice to sleep more and move less, reduced body mass, and increased carbohydrate metabolism (Fig. 13) . These physiological changes suggest that long-term increases in O-GlcNAcylation followed by a concurrent increase in OGA expression changes the metabolic program of animals without causing adverse effects. Potentially, progression of chronic metabolic diseases such as diabetes and Alzheimer's would be positively impacted by a combination of increased O-GlcNAcylation and OGA expression.
Experimental procedures
Cell culture
Both SH-SY5Y and NT2 cells were cultured in DMEM (Sigma), 44 mM sodium bicarbonate (Sigma), 5 mM galactose (Fisher), 15 mg/liter phenol red (Sigma) and supplemented with 10% fetal bovine serum (FBS; Gemini), 1% penicillin/streptomycin (Sigma), 1% GlutaMAX (Gibco). Cells were adapted to the 5 mM galactose media for 2 weeks prior to treatment with 10 M TMG (SD Specialty Chemicals) or 0.35 mM glucosamine (GlcN, Sigma) for at least 3 weeks prior to experiments. Media were replenished daily.
Animal protocols and models
The University of Kansas Medical Center Animal Care and Use Committee approved all experiments in this study. Twomonth-old male C57Bl/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were housed using a standard 12-h light/dark cycle with access to chow and water ad libitum. Mice were treated with a 50 mg/kg thiamet-G intraparietal injection every other morning for 15 days for a total of 8 doses per mouse. After completion of dosing, mice were fasted for 16 h before isoflurane (Fisher) anesthesia assisted cervical dislocation on day 16.
Ogt tm1Gwh mice were obtained from Natasha Zachara, John Hopkins University, and liver-specific KO of OGT was performed by treating male mice with 5.0 ϫ 10 11 virus particles of AAV8.TBG.PI.Cre.rBG vector (University of Pennsylvania vector core) dissolved in 200 l of sterile PBS via i.p. injection.
Cell lysis and immunoblotting
Cells were lysed, and samples were prepared for SDS-PAGE and immunoblotted as described previously (9) . At least three independent experiments were repeated for all immunoblotting. Relative protein levels were analyzed using ImageJ 3.2 (National Institutes of Health) and were normalized to actin or GAPDH (34) .
Cellular respiration, isolated mitochondrial respiration, and glycolysis measurement
An XF24 analyzer (Agilent Seahorse XF Technology, Santa Clara, CA) was used to measure cellular respiration and glycolysis. 75,000 control, TMG-, or GlcN-treated cells were seeded per well in a Seahorse 24-well cell culture plate 24 h prior to experimental assay. For respiration assays, cells were incubated in unbuffered DMEM (Sigma), 25 mM glucose (Sigma), phenol O-GlcNAc reprograms cellular energetics red (Sigma), 200 mM GlutaMax-1 (Gibco), NaCl (Fisher) at 37°C in a CO 2 -free incubator for 1 h prior to loading. OCR was measured over a period of 100 min. Drugs oligomycin (0.5 M, Sigma), FCCP (0.5 M, Sigma), antimycin A (0.2 M, Sigma), and rotenone (0.1 M, Sigma) were added to each well sequentially at various time points during the assay (9) .
For animal tissues, 15 g per well of mouse liver or brain mitochondria was prepared in mitochondrial assay solution (MAS) (26) . Respiration was initiated by adding mitochondria, followed by sequential addition of 6 mM ADP (Sigma), 1 M FCCP (Sigma), 1 M oligomycin (Sigma), and 4 M antimycin A (Sigma) (26) .
For glycolysis assays, ECAR was measured over a period of 100 min. Glucose (25 mM), oligomycin (1 M), and 2-deoxy-Dglucose (100 mM, Sigma) were added at specific time points during the assay (9) .
Statistical analysis
Statistical significance of all results, with the exception of the 24-h time point Avg RER, locomotion, and Avg EE, was assessed using a two-sample t test with p Ͻ 0.05 considered to be statistically significant. All data were generated using at least three independent experiments and were represented as means Ϯ S.E. The 24-h time point Avg RER, locomotion, and Avg EE were assessed using permutation test with p Ͻ 0.05 considered to be statistically significant.
Antibodies
All primary and secondary antibodies used for immunoblotting were used at a concentration of 1:1000 and 1:10,000 dilu-tion accordingly. Anti-O-linked N-acetylglucosamine antibody (RL2, ab2739) was purchased from Abcam. Both anti-OGT (AL-34) and OGA (345) were gracious gifts from the Laboratory of Gerald Hart in the Department of Biological Chemistry, The Johns Hopkins University School of Medicine. Anti-actin (A2066), NRF2 (ab62352), mTFA (ab47517), GAPDH (ab9484), oxidative stress defense (catalase, SOD1, TRX, and smooth muscle actin) mixture (ab179843), PRX pathway (TRX, TXNRD1, and PRX1) mixture (ab184868), citrate synthase (ab96600), and NADPH oxidase 4 (ab79971) were purchased from Abcam. Anti-DLP1 (611113) was purchased from BD Biosciences; anti-Mfn1 (sc-50330) and anti-p53 (sc-126) were purchased from Santa Cruz Biotechnology. Anti-cleaved PARP (9542) and anti-lamin B1 (D4Q4Z) were purchased from Cell Signaling Technology, and anti-Mfn2 (M6444) was purchased from Sigma.
Mitochondrial purification from cells and tissues
Mitochondria were isolated from SH-SY5Y cells using the modified cavitation method described previously (9) . Briefly, 2 ϫ 10 8 cells were trypsin digested off the plate and washed twice with pre-chilled PBS and then resuspended into 3 ml of the mitochondrial isolation medium. The cell suspensions were transferred into a pre-chilled cavitation chamber (nitrogen bomb; Parr Instrument Co., Moline, IL) and subjected to 900 p.s.i. for 15 min. Subsequently, the pressurized cell suspension was collected from the cavitation chamber, followed by centrifugation at 1000 ϫ g for 10 min to pellet the cell debris. The clear supernatant was collected and centrifuged at 12,000 ϫ g for 15 min. Crude mitochondrial pellet was washed 
O-GlcNAc reprograms cellular energetics
three times with 500 l of isolation medium. Washed pellet was lysed with Nonidet P-40 lysis buffer.
Both mouse brain and liver mitochondria were isolated using the modified method of two differential centrifugations (26) . Promptly after euthanasia (brain Ͻ30 s, liver Ͻ1 min), tissues were rinsed twice with ice-cold PBS, homogenized (Teflon glass homogenizer with 15 strokes), and extracted in ϳ10 volumes of mitochondrial isolation buffer (MSHE ϩ BSA). All subsequent steps were performed on ice. Homogenate was centrifuged at 800 ϫ g for 10 min at 4°C. Supernatant was decanted through two layers of cheesecloth to a new tube followed by further centrifugation at 8,000 ϫ g for 10 min at 4°C. Mitochondrial pellet was washed once with MSHE ϩ BSA, and the final pellet was resuspended with s minimal volume of MSHE ϩ BSA. Total protein concentration was determined using the BCA protein assay kit (Thermo Fisher Scientific) per the manufacturer's instruction.
Total RNA isolation and reverse transcription (RT)-PCR
Total RNA was isolated by using TRI Reagent solution (Ambion) per the manufacturer's instruction. Approximately 2 ϫ 10 6 cells were resuspended in 1 ml of TRI Reagent solution, and then 200 l of chloroform (Fisher) was added to extract RNA. Upon centrifugation, an equal amount of isopropyl alcohol (Fisher) was added to the upper layer solution containing RNA. RNA pellets were precipitated by centrifugation, washed once with 70% ethanol, and air-dried, and the pellet was dissolved in nuclease-free water (Life Technologies, Inc.) (14) .
RNA concentration was measured using a Nanodrop 2000c (Thermo Fisher Scientific), and 1 g of total RNA was reversetranscribed using iScript Reverse Transcription Supermix (Bio-Rad) per the manufacturer's instruction. Total volume of 20 l of each completed reaction mix was incubated in a thermal cycler (Model 2720, Applied Biosystems). Protocol was as follows: priming for 5 min at 25°C, room temperature for 30 min at 42°C, and room temperature inactivation for 5 min at 85°C. cDNA products were diluted with nuclease-free water, 1:10 dilution, and analyzed by qPCR (14) .
qPCR assay
qPCR assay on cDNA samples were done using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) per the manufacturer's instruction. 2 l of cDNA were used with a total reaction volume of 20 l. Primers used for OGT were F, CATCGAGA-ATATCAGGCAGGAG, and R, CCTTCGACACTGGAAGT-GTATAG (14) ; for OGA were F, TTCACTGAAGGCTAATG-GCTCCCG, and R, ATGTCACAGGCTCCGACCAAGT (14) ; for GAPDH were F, CCACATCGCTCAGACACCAT, and R, CCAGGCGCCCAATACG; for GFAT1 were F, AGCCCTCT-GTTGATTGGTGT, and R, TCCATCTGGAGTGTTTGCAC; for Nrf2 were F, CCAGCACATCCAGTCAGAAA, and R, GCATGCAGTCATCAAAGTACAAA; for TXNRD1 were F, GCAATCCAGGCAGGAAGATT, and R, AGGCCACAAGC-ACCATATTC; for GNG1 were F, GAGCAGCTTCGCAAA-GAA, and R, AGGATCCTCTCCAGAACG; for TFPI2 were F, CAGGTTTCCAGATGAAGCTACT, and R, GAGTCACAT-TGGCAGAGCA; for ATF4 were F, GAGAGAAGATGGTAG-CAGCAAA, and R, TTCTTCTGGCGGTACCTAGT; and for IGF2 were F, CCTGGAGACGTACTGTGCTA, and R, GACT-GCTTCCAGGTGTCATATT. A 96-well PCR plate (Midsci) with the reaction mixture was loaded onto CFX96 Touch realtime PCR detection system (Bio-Rad). The protocol was as follows: polymerase activation and DNA denaturation for 30 s at 95°C, amplification denaturation for 5 s at 95°C, and annealing for 30 s at 60°C with 40 cycles, and melt curve at 65-95°C with 0.5°C increment 5 s/step.
OGA activity assay
Whole-cell extract samples (60 g/reaction) were lysed using Nonidet P-40 lysis buffer. O-GlcNAcase activity was assayed in a total reaction volume of 200 l (includes 10 l of 500 mM sodium cacodylate (Sigma), pH 6.4, 3% BSA (Sigma), 2 l of 100 mM p-nitrophenyl-N-acetyl-␤-D-glucosaminide (Sigma), water, and cell extract) at 37°C for up to 2 h. Reactions were stopped with 100 l of 500 mM sodium carbonate (Sigma) every 30 min subsequently, and the absorbance at 400 nm was measured using a plate reader (BioTek Instrument). One unit is the amount of enzyme required to catalyze the release of p-nitrophenyl from 1 pmol of p-nitrophenyl-O-GlcNAc/min at 37°C (59) . These samples were assayed in a 96-well plate (pure Grade S-781671, BRANDplates).
JC-1 staining for mitochondrial membrane potential
Mitochondrial membrane potential was analyzed with the potential-dependent fluorescent dye JC-1 (Life Technologies, Inc.). 2 M JC-1 in Hanks' balanced salt solution (Sigma) was added to 2 ϫ 10 6 cells per sample at 37°C, 5% CO 2 for 30 min. Cells were washed once and resuspended in 500 l of warm Hanks' balanced salt solution. Cells were analyzed by a flow cytometer with 488 nm excitation and gated for singlet cells excluding cell debris. JC-1 dye exhibits a potential-dependent accumulation in mitochondria via a fluorescence emission shift from green (ϳ529 nm) to red (ϳ590 nm). Mitochondrial polarization was determined by red/green intensity ratio. NAD ؉ /NADH assay NAD ϩ /NADH ratios were measured using the NAD ϩ / NADH detection kit (Cell Technology Inc., Mountain View, CA) per the manufacturer's instruction. 2 ϫ 10 6 cells were in the assay, and fluorescence was measured with excitation/emission spectra of 570 and 600 nm, respectively. Assay results were normalized to protein amount by determining protein concentration of supernatant via DC Assay (Bio-Rad).
Transmission electron microscopy
Long-term TMG-and GlcN-treated SY5Y cells were prepared for electron microscopic experiments as described previously (9) . Cells were seeded and cultured on Thermanox (Fisher) coverslips 24 h prior to fixation. Cells were fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, and postfixed with 1% osmium tetraoxide, 0.3% potassium ferricyanide. Cells were dehydrated in a graded series of 50, 70, 80, 95, and 100% ethanol. Coverslips were embedded in 100% epoxy resin, and the resin was cured overnight at 60°C. Thin sections of 70 -90 nm were cut on a Reichert Ultracut-S (Reichert Technologies, Buffalo, NY) and stained with uranyl acetate and lead O-GlcNAc reprograms cellular energetics citrate. Images were captured at 80 kV using a JEOL JEM-1400 transmission electron microscope (JEOL USA, Peabody, MA) equipped with a Lab6 gun at the University of Kansas Medical Center EM Core Laboratory.
Mitochondrion length
Measurement of mitochondria length was performed using ImageJ 3.2 software (National Institutes of Health) from multiple experiments.
Complex I activity assay
Crude isolated mitochondria were used for the complex I activity. A modified method following the decrease in NADH absorbance at 340 nm occurs when ubiquinone (CoQ1, Sigma), reduced to ubiquinol, was used for the complex I activity assay. CoQ1 (50 M) was used to initiate the reaction at 30°C. After 5 min, rotenone (10 M) was added to obtain non-complex I activity. Total protein concentration was measured using the DC assay kit (Bio-Rad) as instructed by the manufacturer. Finally, complex I activity was expressed as nanomoles/min/mg protein (60) .
Cytochrome c oxidase and citrate synthase activity assays
Complex IV (COXIV) and citrate synthase (CS) V max activities in TMG-or GlcN-treated SH-SY5Y cells were evaluated in both whole-cell and isolated mitochondria. Whole cells were trypsinized and washed twice with ice-cold 1ϫ PBS, and then pelleted by centrifuging at 1000 ϫ g for 3 min. The whole-cell pellets were resuspended in ice-cold PBS at a concentration of 30 ϫ 10 6 cells/ml. Mitochondria were isolated as described before. A total of 40 ϫ 10 6 cells were used for the mitochondrial isolation and the mitochondria pellets were resuspended in 400 l of the mitochondrial isolation buffer. Both whole-cell and isolated mitochondrial COXIV and CS V max activities in nontreated and TMG-or GlcN-treated SH-SY5Y cells were determined as described previously (61) . COXIV V max activity was normalized both to protein concentration and to CS activity.
Immunofluorescence microscopy
Cells were cultured on microscope slides (Fisher), washed with 1ϫ PBS, and fixed with 4% paraformaldehyde (Sigma) for 20 min. Cells were permeabilized with 0.1% Triton X-100 (Sigma) in ice-cold PBS and then blocked with a TBST blocking solution (0.2% azide, 0.2% powdered dry milk, 12% chicken serum, 1% BSA, 100 mM glycine, 0.1% Triton X-100 in TBST, pH 7.5) for 1 h. Tom20 (1:500) in TBST blocking buffer was applied overnight. Slides were washed with TBST and incubated with fluorescent secondary antibodies (1:500 mouse Alexa-Fluor 488 nm Life Technologies, Inc.) for 1 h. DAPI solution (PBS, 0.01% Triton X-100, 0.001% DAPI, Sigma) was applied for 20 min. Finally, slides were washed and mounted on coverslips using ProLong Gold Anti-fade (Life Technologies, Inc.) (34) .
cDNA library preparation
cDNA library was prepared using Illumina TruSeq Stranded mRNA sample preparation kit (Illumina) as per the manufacturer's instruction. Total RNA was isolated using the same method as described previously, and 800 ng of the total RNA per reaction was used to initiate the protocol.
RNA sequencing analysis
The quality of RNA sequencing results was first assessed using FastQC (0.11.2). RSEM (1.2.22) was utilized to align the reads to the human reference genome HG38 and to calculate gene expression values. EdgeR (3.14.0) was then used to normalize the expression values using the TMM-method (weighted trimmed mean of M-values) and for differential expression analyses. First, the negative binomial conditional common likelihood was maximized to estimate a common dispersion value across all genes (estimate CommonDisp). Next, tag-wise dispersion values were estimated by an empirical Bayes method based on weighted conditional maximum likelihood (estimateTagwiseDisp). Finally, the differential gene expression was calculated by computing gene-wise exact tests for differences in the means between two groups of negativebinomially distributed counts. Hierarchical clustering analysis was determined using Euclidean distance. The following R-packages were utilized for calculations and visualizations: gplots and edgeR.
To reduce the burden of multiple testing in differential gene expression analyses, a filter was initially applied to reduce the number of genes. Genes were removed if they did not present a meaningful gene expression across all samples; only genes with counts/million of Ͼ10 in at least two samples were considered in differential expression analyses involving the heat map, volcano plots, and pie chart. A counts/million of Ͼ100 threshold was used for the IPA analysis. The Benjamini and Hochberg procedure was used to control the false discovery rate.
Pathway and GSEA
IPA software was used to compare biological functions or canonical pathways in non-treated, long-term TMG-or GlcNtreated SH-SY5Y cells. Flexible format and Illumina Human Ref-8 version 3.0 array platform were the only parameters altered from default IPA settings for the Core analyses used to evaluate up-regulated and down-regulated genes (fold change Ͼ1.3, p Ͻ 0.05).
GSEA analysis was done using the javaGSEA desktop software. The default settings was used, except the permutation type was set to Gene_set with 1000 permutation types, and the metric for ranking genes was set to Diff_of_Classes (normalized expression data used were log 2 transformed) when executing GSEA. All five gene set collections (c1-c6, h1) were queried from the Molecular Signatures Database (MSigDB) version 3.1.
ROS detection assay
Cells were analyzed for reactive oxygen species levels using a ROS-ID total ROS detection kit (Enzo Life Sciences) per the manufacturer's protocol. Briefly, 2 ϫ 10 5 cells/well of control, prolonged TMG-, or GlcN-treated cells were seeded in a 96-well plate (pure Grade BRANDplates Midsci) a day prior to the assay. Cells were treated with ROS detection reagent at 37°C for 1 h, and ROS level was measured via a fluorescence plate reader (TECAN Infinite M200, Switzerland) and quantified as level of fluorescence per cell. For both liver and brain O-GlcNAc reprograms cellular energetics isolated mitochondria, superoxide levels were determined using MitoSOX (Life Technologies, Inc.) as instructed by the manufacturer. Briefly, 150 g/well isolated mitochondria was resuspended in ice-cold MAS (without rotenone) added with substrates (5 mM succinate, 5 mM malate, 5 mM glutamate) and then stained with MitoSOX at a concentration of 3.5 M at 37°C for 10 min. The mitochondria were washed once with MAS and transferred into a 96-well plate (pure Grade BRANDplates Midsci). Superoxide level was detected via fluorescence plate reader with excitation wavelength at 510 nm and emission wavelength at 590 nm.
ATP level determination
Cellular ATP level was determined by using a CellTiter-Glo luminescent cell viability assay kit (Promega) per the manufacturer's instruction. Briefly, 2 ϫ 10 5 cells/well concentration of cells were seeded in a 96-well plate (pure Grade BRANDplates Midsci) a day prior to the assay. Cells were treated with ATP detection reagent at room temperature for 10 min. Cellular ATP levels were determined by measuring the luminescent signal on a plate reader (TECAN Infinity M200).
Nuclear extraction
Cells were harvested, pelleted, and then resuspended in hypotonic buffer (20 mM HEPES, 50 mM NaF, 5 mM Na 2 P 2 O 7 , 50 mM N-acetylglucosamine, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, protease inhibitor mixture, pH 7.5) followed by centrifugation. Supernatant (cytoplasmic content) was saved, and nuclear pellet was washed with hypotonic buffer and then lysed with Nonidet P-40 lysis buffer and centrifuged for 20 min at 20,000 ϫ g. Resulting supernatants were used for protein determination via Bradford assay (Bio-Rad). The protein levels were analyzed via immunoblotting, and anti-lamin B1 was used for nuclear content loading control, and actin was used for cytoplasmic content.
Oxidative stress and cell viability assay
Prolonged TMG-or GlcN-treated cells were incubated with different concentrations of H 2 O 2 (50 M, 100 M, Sigma) for 7 h prior to cell viability determination via annexin V (Life Technologies, Inc.) and propidium iodide (PI, Life Technologies) staining. Annexin V-FITC/PI double labeling method was used per the manufacturer's instructions to determine cell viability after acute oxidative stress. Cells were digested with 2% BSA trypsin, washed once with 1ϫ PBS, and incubated with annexin V/PI mixture and then subjected to an LSR II flow cytometer (BD Biosciences) and analyzed with FACSDiva software (BD Biosciences) for cell viability determination.
Cycloheximide treatment
Cells were treated with 50 g/ml CHX (Sigma) and harvested at different time points for up to 6 h. Immunoblotting was performed to determine NRF2 protein stability after prolonged TMG or GlcN treatment. p53 was used as positive control for the CHX treatment.
